The field of bioelectrochemical system (BES) research includes a wide range of emerging technologies that utilise microbes to catalyze anodic and/or cathodic reactions within a fuel cell setup, and has developed greatly in the last 2-3 years. Although the vast majority of BESs utilise organic substrates as a fuel source (e.g. microbial fuel cells), several systems have been developed that are fuelled by light energy. In this review we focus on and contextualise a specific subset of light-harvesting BESs, which we have called biophotovoltaic systems (BPVs). BPVs utilise oxygenic photosynthetic organisms, such as microalgal and cyanobacterial species, to harvest light energy to generate current, critically, in the absence of an organic feedstock. Here we discuss the state-of-the-art for all light-harvesting BESs and present a novel classification system to illustrate how BPVs integrate into the broad fields of BES and photovoltaic research. We compare and contrast the present understanding of electron transfer pathways in systems that use heterotrophic microbes with those in cyanobacteria-based BPVs. Finally we present, for the first time, an estimate of the achievable power outputs of this emerging technology.
Introduction
Life depends on the transfer of electrons between different biochemical intermediates to discharge or capture energy, or drive chemical change. The ability of certain microbes to facilitate the direct and/or indirect transfer of electrons outside of the cell (referred to as 'exoelectrogenic activity'), 1 which can then be harvested for reductive power, has driven the development of a variety of devices in which living organisms directly generate electrical power, which may also be coupled to separate reductive processes in the devices. These are collectively known as bioelectrochemical systems (BESs), 2,3 and the last three decades have seen an exponential increase in scientic and industrial interest in them ( Fig. 1 and 2) . One of the most promising technologies to emerge is BESs fuelled by light energy. This development is of particular importance because of the nearly limitless supply of energy offered by solar radiation. 4 The relatively sudden proliferation of studies involving lightharvesting BESs has led to the generation of a large variety of different system designs ( Fig. 1 and 2) . One important distinction between systems is whether an external fuel source other than light is used to drive current production. For example, devices that have used chemoautotrophs 5, 6 or mixed phototrophic and heterotrophic cultures 6, 7 typically rely on the addition of a feedstock of reducing equivalents (e.g. acetate) ( Fig. 2A-C) . Such systems are currently well documented in the literature (e.g. ref. 8 and 9) .
Our main focus here is on systems that do not require an organic substrate, and use only oxygenic photosynthetic organisms, or parts of the oxygenic photosynthetic apparatus, to harvest light energy to generate current without the mediation of heterotrophic microbes. For simplicity (and with no intention to claim superiority) we have adopted the term biophotovoltaic system (BPV) to describe these devices (Fig. 2D ). As will be dened here, BPVs can include a wide variety of subcellular or cellular photosynthetic components, such as puried oxygenic photosynthetic reaction centres (photosystem II, PSII), 10, 11 thylakoid membranes, 12 cyanobacteria 13, 14 or green algae. 15 In focusing, for the sake of brevity, on devices that do not require the mediation of heterotrophic microbes, we are thereby excluding plant microbial fuel cells, as they use heterotrophs to generate power from substances produced from plants.
The aim of this review is to contextualise recent BPV work in the world of light-harvesting BES research. Firstly, we will summarise the current understanding of microbial electron transfer and exoelectrogenic activity in heterotrophic BESs (Section 2) and then provide a broad review of the present stateof-the-art of light-harvesting BESs and BPV-type systems (Section 3). We will focus primarily on anode-specic congurations i.e. where the phototrophic biological components are localised to and interact with an electron accepting electrode (the anode); and exclude discussion of light-dependent cathodemicrobe interactions (e.g. ref. [17] [18] [19] , although the latter do represent an area of great emerging potential for using electron accepting microbes to produce fuels (for reviews see ref. [20] [21] [22] . Thirdly, we will discuss the mechanisms involved in intracellular electron transfer for supplying electron export, and where possible, the putative pathways for mediated and self-mediated electron transfer to the anode (Section 4). We will focus primarily on studies using cyanobacteria, whose function in cellular BPVs has been better characterised than that of other Dr Robert Bradley received his MSci (Hons) from the University of Cambridge in 2009, and remained there to study for his PhD. Research for his doctoral thesis centred on using genetic approaches to gain an understanding of the molecular processes involved in electron export from cyanobacteria, so that export rates might be increased through rational genetic engineering. Since 2013 he has worked as a postdoctoral research associate at Imperial College London, where he is applying a 'synthetic biology' approach to the construction of designer electron export systems and biological decision circuits.
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An introduction to microbial electron transfer and microbial fuel cells
One of the oldest and most commonly studied groups of BESs are microbial fuel cells (MFCs). 23 In MFCs, living microbes are used to catalyse the oxidation of organic substrates and transfer electrons to an anode, and/or use electrons supplied by a cathode to reduce a substrate ( Fig. 2A) . 22, 24 The production of current (i.e. electron ux) is driven by the potential difference between the anodic and cathodic reactions. MFCs using mixed bacterial cultures are typically considered to be more robust than those driven by cultures of single species. 25 Advantages of the former include higher resistance against process disturbances, higher substrate consumption rates, and the ability to use mixtures of substrates and higher power outputs. Apart from the generation of electrical power, 26 other more recent BESs using heterotrophic cultures have been designed for waste water detoxication, 27,28 carbon capture, 29 water desalination, 20, 30, 31 and the reduction of substrates at the cathode surface for fuel production (e.g. hydrogen (H 2 ), organic molecules). 30, 32 Clearly the design of a BES will depend on the particular application required.
Analyses of single-species cultures have indicated that a wide selection of microbial families possess endogenous exoelectrogenic activities, including the Alcaligenaceae, Aeromonadaceae, Bacteroidetes, Campylobacteraceae, Clostridiaceae, Desulfuromonadaceae, Enterococcaceae, Geobacteraceae, Pseudomonadaceae, Rhodobacteraceae, Shewanellaceae and Vibrionaceae. 1, 33 For the dissimilatory Fe(III)-reducing Geobacteraceae (the predominantly characterised group) these processes are primarily a means of extracellular respiration. 34, 35 However, alternative or additional functions have been demonstrated, including cell to cell communication (e.g. quorum sensing), generation of redox stress during pathogenesis, and dissipation or sharing of excess energy within biolm and/or aggregate communities via interspecies electron transfer. 1, 22, [35] [36] [37] Electrons can reach the anode through indirect extracellular electron transfer (IEET) and/or by direct electron transfer (also known as direct extracellular electron transfer (DEET)) 35 (Fig. 3 ). IEET relies on electron carriers that diffuse between cells and the electrode. 38 Systems that rely on IEET typically suffer from low power densities due to limitations in the rate of mass transport between substrate and electrode (specically, concentration overpotentials). 24 Conversely, DEET generally yields higher power densities than IEET-driven systems, but requires close physical contact between cellular components of the electron transfer pathway and the electrode. Cultivation of biolms directly onto electrode surfaces is critical for effectively exploiting DEET activities [39] [40] [41] [42] [43] and improving our understanding of the factors governing biolm generation and morphology will be very helpful in this regard.
IEET may occur through the (i) production of fermentative by-products (e.g. H 2 ) 44 which are subsequently oxidised by the extracellular electron acceptor (e.g. the anode) ( Fig. 3A ), or (ii) through cycling of redox-active mediator compounds, which can include naturally occurring molecules (e.g. humic substances), 45 endogenous electron mediators (EEMs) excreted by the organism, or exogenously added articial electron mediators (AEMs) ( Fig. 3B ). Various EEMs have been reported for different species, including avins (Shewanella spp.), phenazines (Pseudomonas spp.) and quinone derivatives (Escherichia coli). [46] [47] [48] [49] [50] Common AEMs used in MFCs (and BPVs) include potassium ferricyanide ([Fe(CN) 6 ] 3À ), phenazines, phenothiazines, phenoxazines and quinones. 51 Electron mediator compounds may be lipid-soluble (e.g. phenazines) or lipidinsoluble (e.g. avins and [Fe(CN) 6 ] 3À ) ( Fig. 4 ). The advantage of the former is that additional electron transfer components are not required to move reducing equivalents to the outer surface of the organism, though greater control over the rate of electron Tobias Wenzel holds physics degrees from the Technische Universitaet Berlin and the University of Cambridge. He worked as research Fellow at the J. Craig Venter Institute and is currently pursuing his PhD at the University of Cambridge as Winton scholar for physics of sustainability. His research focuses on direct electron transfer in biophotovoltaic devices; his broader interests are the experimental as well as theoretic-mathematical aspects of biotechnological interfaces, synthetic biology, and microbial material production.
Christopher Howe is Professor of Plant and Microbial Biochemistry in the Department of Biochemistry at the University of Cambridge, and holds a PhD and ScD from Cambridge. His research interests cover a wide range of aspects of photosynthesis. They include the evolution of chloroplasts and chloroplast genomes, the light harvesting and electron transfer reactions underpinning photosynthesis, andas in this reviewthe exploitation of photosynthetic organisms for renewable energy production. export may be possible with lipid-insoluble mediators. 52 The cost and potential environmental toxicity of AEMs limits their usefulness in commercial applications, such that AEM-driven MFCs are now considered advantageous only for specic laboratory applications. 51 DEET relies on microbes forming direct electrical connections with the electrode, either through direct contact with redox proteins on the cell surface (typically c-type cytochromes) 53 (Fig. 3C ) or through extracellular appendages ( Fig. 3D ). Geobacter sulfurreducens is well known for using conductive type IV pili to transfer electrons over tens of mm to an insoluble extracellular acceptor (i.e. a metal (hydr)oxide or an electrode) 54 (Fig. 4 ), and has produced the highest power densities in pure culture (up to 3.9 W m À2 ) of any microbe tested so far. [54] [55] [56] When Geobacter spp. cells grow as a biolm on a solid electron acceptor they produce an electrically conductive extracellular matrix comprised of pili, exopolysaccharides and outer surface cytochromes. 43 The formation of a pili network within this matrix is critical for the transfer of electrons from cells within the biolm that cannot form a direct contact with the electron acceptor surface. 40 The C-terminal domain of the Geobacter spp. type IV pilin subunit, PilA, contains aromatic amino acid residues which allow metallic-like electron transfer along the length of the pilus through delocalised electron orbitals. [57] [58] [59] The mechanism of electron transfer from intracellular oxidation of substrates to the pilus is currently unknown and represents an important area for further work. Outermembrane c-type cytochromes are not essential for conductivity along the pilus but are predicted to be involved in some electron trafficking processes. 35, 60 For example, the hexaheme OmcS has been implicated in mediating electron transfer from pili to Fe(III) oxides, 61 and may facilitate electron movement between pilus laments. 37 Whilst 'nanowire' extracellular appendages have been observed in other organisms, most notably Shewanella oneidensis MR-1, there is debate as to their composition and whether these structures are used for DEET in vivo 36,62these observations will be discussed in more detail later in the context of possible exoelectrogenic mechanisms in cyanobacteria. In S. oneidensis MR-1, the majority of current has been shown to be transferred via IEET using avin shuttles. 63, 64 Nevertheless, S. oneidensis MR-1 can also perform DEET via a well-characterised pathway, Mtr, for reducing external metal ions. 65, 66 Electrons are shuttled from the cytoplasmic membrane protein menaquinol oxidase (CymA) to outer-membrane cytochromes (MtrC/OmcA) by the paradigmatic cytochrome:porin pair of MtrA (soluble periplasmic cytochrome) and MtrB (outer-membrane porin). 67 The cytochrome:porin pattern for electron exchange between an organism and its environment has been identied in several other Gramnegative bacteria, but remains relatively unexplored outside of model species like S. oneidensis MR-1. 66 Recent work has shown S. oneidensis MR-1 nanowires are not pili, but extensions of the outer membrane and periplasm that appear to form from chains of outer membrane vesicles. 68 These membrane extensions contain the outer membrane Mtr components MtrC and OmcA along the surface, an observation that is compatible with the previously proposed multistep redox hopping mechanism of electron transfer along the nanowire. 69, 70 Elucidation of the full extent of the role that these structures play in electron export and inter-cell communicationand how widely distributed these functions are across the bacterial kingdomis an exciting prospect. In the longer term, heterologous expression to enhance electron transfer in other species may have important applications. 
BPVs and other light-harvesting BESs
Having considered possible routes for electron export, we look at systems where photosynthetic organisms are used for current generation (light-harvesting BESs and BPVs) and highlight the best performances to date for each ( Fig. 5 ; ESI Table 1 †). Where possible, results have been presented in power output per anode area or volume at the current density achieved. True BPVs use only oxygenic photosynthetic organisms (or fractions thereof) to capture light, carry out charge separation of water and supply some of the resulting electrons to an anode via IEET (with AEMs or EEMS) or DEET. 71 We distinguish BPVs from other light-harvesting BESs that may or may not split water, but rely on an exogenous supply of reducing equivalents. Previously the latter category of BESs have been referred to as photosynthetic microbial fuel cells (photoMFCs). 51 BPVs can also be differentiated from systems that utilise oxygenic photosynthetic organisms (such as algae or vascular plants) that harvest light energy but are subsequently used only as a feed stock or a source of organic fuels (e.g. plant MFCs). 16, 72 Below we have divided our discussion of photoMFCs into three sub-categories those that use (i) sub-cellular components or (ii) living microbes to drive current production directly, and those that use (iii) a mixture of living photosynthetic and heterotrophic species (complex photoMFCs). There are further examples of systems that utilize biologically derived pigments to harvest light (e.g. chlorophyll, carotenoids). Such systems are more similar to dye-sensitized solar cells (DSSCs) or organic photovoltaic cells (OPVs) 73,74 and will not be discussed here. It is important to recognize that, unless water is the ultimate source of electrons, as with oxygenic photosynthetic systems, a sacri-cial electron donor is required, a requirement that is likely to impose limitations on large-scale exploitation.
For BPVs the biological components used to harvest light energy range in complexity, from puried protein complexes (sub-cellular BPVs) to whole cells. In principle, the initial process involved in the generation of electrons is common to all BPV systems, and relates to the use of an oxygenic photosynthetic reaction centre (e.g. photosystem II (PSII)) where electrons are generated by the light-driven oxidation of water. 75 The pathway(s) of electron ow from PSII to the external circuit is then dictated by the type of biological material(s) used. Below we have divided BPVs into two sub-categories based on systems that utilise sub-cellular components or whole cells.
Sub-cellular photoMFCs
The most fundamental examples of photoMFCs systems are those that utilise puried, non-oxygenic photosystem components directly attached to the surface of an electron acceptor. 76, 77 One of the earliest studies utilised the bacterial photosynthetic reaction-centre of the purple nonsulfur (PNS) species Rhodobacter sphaeroides. 78 When dried as a thin lm onto a SnO 2 electrode, the reaction-centre complexes were able to perform More recent work has led to signicant advances in our fundamental understanding of the photosystem kinetics of oxygenic reaction centres. When PSI isolated from Synechococcus elongatus (formerly named Anacystis nidulans) was anchored to a gold surface acting as an electrode, red laser light could be used to trigger a series of redox reactions in which electrons were transferred directly from the photosystem to the electrode. 10 Gerster et al. 10 estimated that the photocurrent generated by a single illuminated PSI complex under dry state conditions corresponded to a remarkable 1500 mA m À2 . These studies show that individual photosystem complexes can act as light-driven, electron pumps and may be useful as current generators in nanoscale electric circuits, which is an exciting future prospect. However, given the energy cost in producing the complexes, it seems unlikely they will have a role in largescale power generation.
Cellular photoMFCs
PhotoMFCs use living chemoautotrophic microbes (typically PNS species) to generate electricity under anaerobic conditions in a light-dependent manner (Fig. 2B ). The microbes in these systems do not contain a PSII-type reaction centre and thus require an exogenous supply of reducing equivalents to grow and function. Similar to cellular BPVs (below), photoMFCs use living cells and are therefore signicantly more robust than systems that use sub-cellular photosynthetic fractions. Whole cells are relatively far more resilient, capable of self-repair and reproduction, and can produce current under both light and dark conditions. PhotoMFCs presently hold the record for the highest light-driven current outputs achieved using an intact photosynthetic organism ( Fig. 5 ; ESI Table 1 †). DEET between organism and electrode has been observed in Geobacter spp., which use conductive type IV pili to transfer electrons over long distances, and in Shewanella oneidensis MR-1, which transfers electrons to insoluble acceptors using outer membrane cytochromes. See text for details of the proteins involved. Indirect (mediated) electron transfer can occur via lipid-insoluble mediators that must be reduced by proteins on or external to the cytoplasmic membrane, or by lipid-soluble mediators that can oxidise substrates within lipid bilayers or in the cytoplasm. Mediators may be naturally produced by an organism (e.g. flavins from S. oneidensis MR-1; phenazines from Pseudomonas spp.) or added exogenously (e.g. ferricyanide ([Fe(CN) 6 ] 3À which might accept electrons from redoxactive transmembrane proteins (TMP)). OM: outer membrane; CM: cytoplasmic membrane; TM: thylakoid membrane.
The rst example of light-dependent electrical interactions between intact, living photosynthetic microbes and an electrode was reported in 1964 using the PNS species Rhodospirillum rubrum fed with malate. 79 The increase in potential observed upon illumination (0.6 V) was ascribed to IEET processesphotoevolution of H 2 followed by subsequent oxidation on a platinum anode. Almost 40 years later, Rosenbaum et al. 5 took this further by examining the effects of different feedstock compositions on H 2 production and light conversion, using another PNS species R. sphaeroides. When fed with a mixture of E. coli fermentative by-products under anaerobic conditions and continuous illumination, H 2 produced by R. sphaeroides resulted in a maximum power output of 183 mW m À2 (at 800 mA m À2 ) and a light conversion (to electrical charge) efficiency of 8.5% from the fuel cell (i.e. not taking into account the growth efficiency of the supplied organic feedstock). The latter result was remarkable as the achieved conversion of 10% of the solar energy into chemical energy in H 2 is considered maximal for photobiological H 2 production. 80 Further optimisations have led to some of the highest BES currents measured using axenic R. sphaeroides cultures, with maximum outputs of 790 mW m À2 under light conditions, but only 0.5 mW m À2 in the dark. 81 Notably, R. sphaeroides does not appear to form anodic biolms, indicating that power outputs were primarily IEET-dependent.
More recently, the metabolically versatile PNS species Rhodopseudomonas palustris was shown to be able to metabolise a feedstock consisting of intact lamentous cyanobacteria (Arthrospira maxima) while producing current outputs of 5.9 mW m À3 (27.9 mA m À3 ). 6 Notably, both cyanobacterial growth and thus ultimately Rh. palustris power outputs were driven only by light. Such systems exist at the borders of what might be considered a complex photoMFC (see below). Rh. palustris was also the rst PNS for which the ability to perform DEET following biolm growth on the anodic electrode was demonstrated. 82, 83 In those systems, H 2 could be excluded from contributing to electron transfer as non-metal anodic materials were used (e.g. carbon paper, graphite brushes or polyaniline microparticles). Furthermore, Morishima et al. 82 utilised a mutant strain of Rh. palustris with deletions in the genes necessary for H 2 production. The complete genome sequence of Rh. palustris indicates an abundance of potential electron export mechanisms, 84 such as the MtrA/MtrB cytochrome: porin homologues MtoA/MtoB. There is currently limited understanding of the molecular components involved in this possibly unique electron transfer mechanism, but improving our understanding of it, together with the development of improved genetic tools, is likely to enhance considerably the possibilities for exploiting this versatile organism.
There are several further examples of systems that do not rely on PNS species for generating current that can still be dened as photoMFCs. Genetic manipulation of S. oneidensis MR-1 modied to express proteorhodopsin, a light-driven proton pump, resulted in cells with increased nutrient uptake rates in the light. 85 When the cultures were inoculated into an MFC setup, Johnson et al. 85 showed signicant increases in current outputs following illumination. The light-dependent increase in current was proportional to the intensity of the light used and, depending on the age and thickness of the anodic biolm, was up to 2.5-fold higher than respiratory current outputs in the dark. Rosenbaum et al. 44 demonstrated a non-PNS system using a green algal species (Chlamydomonas reinhardtii) maintained in an acetate-supplemented feedstock. By inhibiting the oxygen evolving complex (OEC) activity of PSII in C. reinhardtii through sulphur deprivation, O 2 can be depleted from the culture by reducing the photosynthetic O 2 production rate below the rate of mitochondrial respiration. Under anaerobic conditions the native hydrogenase activities are not inhibited and C. reinhardtii is able to perform light-dependent H 2 evolution over a period of several days. 86 Rosenbaum et al. 44 exploited this phenomenon to produce electricity using a conductive polymer-coated platinum Table 1 . †* Indicates a current output not included in the average due to a lack of consistency with the other BPV studies. In this study a single cell of Chlamydomonas reinhardtii was investigated by inserting a micro electrode directly into the chloroplast. 105 This journal is © The Royal Society of Chemistry 2015
Energy Environ. Sci. View Article Online electrode, resulting in a maximum power output of 7 mW L À1 (at 30 mA L À1 (i.e. per litre of liquid culture)).
Complex photoMFCs
Complex PhotoMFCs comprise a broad variety of different kinds of light-harvesting BESs that contain both living heterotrophic and autotrophic species (Fig. 2C ). These include devices (i) based on soil sediments, 27, 87, 88 (ii) with anodic liquid-culture consortia, 7,89-93 (iii) with phototrophic biocathodes 94, 95 and (iv) that utilise rhizosphere-based heterotrophic microbes nourished with higher plant root exudates (plant MFCs). 16, 88, 96, 97 BESs that do not contain living autotrophic species within the cell setup, for example MFCs fed with algal-based substrates, are excluded from this denition of complex photoMFCs. 72, 98 Complex photoMFCs (and plant MFCs) are widely studied from an electrochemical and ecological perspective, and have been reviewed recently (see ref. 8 and 9) . Although they are typically mediatorless and require moderately low maintenance, complex photoMFCs are highly difficult to characterise in terms of the molecular biological factors contributing to power outputs. This stems from (i) the use of a microbial consortium at the anode and/or (ii) the use of effluent feedstocks that are likely to be variable or poorly characterised. Recent evidence indicates some higher plants (e.g. Lemna spp.) may also exude EEM equivalents, 99 which further escalates the potential complexity in plant MFCs. Complex photoMFCs are challenging to optimise and replicate experimentally, and oen it takes weeks for the exoelectrogenic microbial populations to develop. Nevertheless, due to ease of setup, these systems can readily be integrated into other renewable bio-processes, including anaerobic digestion, biomass production and plant agriculture (e.g. constructed wetlands, planted recreational areas and eld crops). 97, 100, 101 To date, the highest power outputs reported are from a sediment-type system inoculated with the green alga Chlorella vulgaris and electrochemically active bacteria sourced from waste waters (68 mW m À2 ). 27 For plant MFCs, Wetser et al. 102 recently achieved maximum power outputs of 679 mW m À2 plant growth area, with an average output over two weeks of 240 mW m À2 (ESI Table 1 †). Although good progress has been made towards increasing the long term sustainability of these systems, overall percentage conversion of light into electrical energy remains low (ca. 0.5%). 102 Power outputs appear to be limited by substrate availability at the anode (i.e. plant root exudates), so improved system design and/ or selection of plant species with increased rates of rhizodeposition is likely to increase power outputs. Further identication of specic syntrophic processes within the bacterial communities characteristic of exoelectrogenic anodic biolms also should help to improve the performance of these systems. 103 
Sub-cellular BPVs
Similar to sub-cellular photoMFCs that utilise the bacterial photosynthetic reaction-centre or PSI, the most fundamental examples of sub-cellular BPV systems are those that use components of the oxygenic PSII photosystem complex. 76 Several studies have utilised PSII from the thermophilic cyanobacterium Thermosynechococcus elongatus, as it is structurally well characterised and highly stable in its puried form. 76, 104 When T. elongatus PSII was xed to a modied indium tin oxide (ITO) anode in the appropriate orientation, electrons gained by light and water photolysis in the OEC of PSII could ow directly to the nearby quinone-Q A or quinone-Q B sites, and then to the circuit. 104 The water-oxidising biophotoanode resulted in currents of 16 mA m À2 and could be correlated to an oxygen (O 2 ) evolution rate of approximately 0.18 (mol O 2 ) (mol PSII) À1 s À1 .
When more complex sub-chloroplastic photoactive components, such as thylakoid membranes, are used, electrons generated at the OEC of PSII can move through the linear photosynthetic electron transport chain (PETC) 75 to the reductive end of PSI. Ryu et al. 105 demonstrated the impressive capability of thylakoid membranes to produce a photocurrent in vivo. Following the insertion of nanoelectrodes into chloroplasts of living C. reinhardtii cells, photocurrents of up to up to 20 A m À2 (based on cell area) were observed, 105 although scaleup of this approach would clearly be difficult. In most studies, suspensions of thylakoid membranes are isolated from living tissues (typically from spinach leaves) and current is generated via IEET. 12, 13, 106, 107 As the process of membrane purication washes away endogenous soluble electron carriers (e.g., ferredoxin, NADP + ), the addition of AEMs is required for more efficient shuttling of electrons from PSI to the anode. Calkins et al. 12 recently reported the highest power outputs yet achieved with spinach thylakoids of 53 mW m À2 (at 250 mA m À2 ) following immobilization of thylakoids onto multi-walled carbon nanotubes. Although the nanotube-thylakoid composites exhibited direct electron transfer, current outputs were signicantly enhanced by the addition of an AEM.
Sub-cellular BPVs have several important applications, particularly with regards to the study of the fundamental biological components and characteristics of BPV systems. However, the practical applications for sub-cellular BPV systems are limited by the stability of light harvesting complexes ex vivo. The PSII reaction centre is a primary target of photooxidative damage, which can be repaired in vivo (see ref. 108 ). Suspensions of thylakoid membranes have been reported to work for a maximum of 30-40 min followed by a rapid loss of activity. 13 Following isolation, whole chloroplasts typically also lose their photosynthetic capacity within a few hours. However, isolated chloroplasts from the algae Vaucheria litorea in symbiotic association with the sea slug Elysia chlorotica have been reported to remain functional for over nine months. 109 Nevertheless, this longevity has not been achieved in BES experimental systems. Without the ability to self-repair, large scale application of sub-cellular BPVs remains a challenge.
Cellular BPVs
In cellular BPVs, living oxygenic photosynthetic microbes are used to generate current through the photolysis of water, and supply it to an electrode without the aid of heterotrophic species (Fig. 2D) . Notably, microbes in cellular BPVs can also generate current in the dark via the respiratory breakdown of internal
This journal is © The Royal Society of Chemistry 2015
Energy & Environmental Science Review carbon reserves accrued during the light, and are capable of producing power throughout a diurnal period. 13, 15 Historically the use of prokaryotic cyanobacterial species has been favoured in cellular BPVs over more complex eukaryotes, such as green algae. As whole organisms, cyanobacteria are robust compared to sub-cellular photosynthetic fractions, whilst their relatively simpler physiology compared to eukaryotes (e.g. fewer transmembrane electron transfer steps required) 110 and lower basal energy requirements may make them more efficient for light transduction.
Early studies demonstrating light-dependent current using cyanobacteria in the anodic compartment utilised various different species, including lamentous (Phormidium spp., Anabaena spp.) [111] [112] [113] [114] and unicellular (Synechococcus spp., Synechocystis spp.) 115-120 strains. To date, power outputs higher than a few mW have been achieved only by using lipid-soluble AEMs to extract electrons from within the microbe (e.g. 288 mW m À2 (at 600 mA m À2 ) 117 ). These include compounds such as hydroxy-1,4-naphthoquinone (HNQ), 112,113,116-118 2,6-dimethyl-1,4-benzoquinone (DMBQ), 119,120 diaminodurene (DAD), 115, 120 and methylene blue. 114 Although lipid-soluble AEMs are effective at increasing currents, their addition can lead to a signicant reduction in microbe viability over time. 115 Lipid-soluble AEM toxicity may not necessarily be a result of over depletion of intracellular cell reserves, but could be linked to more complex intracellular signalling processes. 121 Alternatively non-lipid AEMs, such as [Fe(CN) 6 ] 3À , have been used with good success to reduce these potential toxic side effects 13, 122, 123 (Fig. 3) . To date, the maximum power output reported for an AEM cellular BPV system using [Fe(CN) 6 ] 3À is 24 mW m À2 . 122 More recently there has been renewed interest in cellular BPVs that produce current in the absence of AEMs, a feature which would clearly be desirable for enhancing the sustainability of BPVs. Zou et al. 124 was one of the rst groups to show a small positive light response in a mediatorless BPV with Synechocystis sp. PCC 6803 (hereaer Synechocystis) following bio-lm growth on a carbon-based electrode. This study was followed by an in-depth screening of several cyanobacterial species that showed light-dependent exoelectrogenic activities are common across a wide selection of oxygenic photosynthetic microbes. 125 Although the conversion rate of light into electrical power was generally low (ranging from 0.05-0.3%), Pisciotta et al. 125 achieved a maximum power output of 6 mW m À2 and showed that a positive light response could be maintained for several weeks. Further work has demonstrated that outputs vary considerably depending on species, light intensity, wavelength, temperature and the anodic material used. 6, 14, 15, 126, 127 A wide variety of eukaryotic algae have now also been shown to respond positively to light in mediatorless BPVs. 15, [128] [129] [130] Increased power outputs have also been observed using BPV stacking approaches. 15, 131 A microuidic-based BPV has recently demonstrated the highest recorded maximum power densities of 100 mW m À2 in the light (80 mW m À2 in the dark). 132 It has been postulated that O 2 produced during photosynthesis is a limiting factor for power outputs in all BPVs. O 2 reacts readily with electrons to form radicals and could therefore compete with anodic electron transfer and increase anodic potentials. However, the full extent to which O 2 affects power outputs in mediatorless BPVs (and MFCs) is still unclear and not well studied. 133 It has also been suggested that photosynthetic O 2 production may enhance cathodic potentials. For example, when photosynthetic biolms are grown on the cathode (e.g. in complex photoMFCs) increased current outputs have been observed in the light. 94, 95 However, even in a singlechamber mediatorless BPV the rate of O 2 diffusion towards the cathode was shown to be too slow to account for the observed light-dependent increases in power outputs observed. 15 Thus the increase in power in the light must originate from anodic interactions, rather than an effect on the cathode.
Although the vast majority of mediatorless BPV studies to date have demonstrated increased power outputs in the light, two studies using lamentous cyanobacterial species have shown a negative response to illumination. 134, 135 Fu et al. 134 showed roughly 10-fold higher power outputs in the dark compared to the light (1.64 mW m À2 vs. 0.132 mW m À2 ) with Spirulina platenis biolms. The negative response to light persisted under a wide variety of operating conditions (e.g. differences in pH, temperature and electrode spacing) and was rationalised by the inhibitory effects of photosynthetic O 2 production on anode performance. 135 However, a recent study with a mediatorless BPV using a similar lamentous species (Arthrospira maxima) not only showed a positive light response, but further demonstrated that increased light resulted in increased power output. 136 It is unclear why these studies produced conicting results, but a possible explanation may be due to the different anodic materials used by 136 Platinum electrodes are not well suited to single chamber BESs due to the increased likelihood of interactions with organic compounds and O 2 , resulting in mixed potentials and the ow of internal currents. 137 Nevertheless, there remains a crucial need to develop a deeper understanding of the molecular mechanisms involved in microbe-electrode interactions for oxygenic photosynthetic microbes.
The capacity for electron transfer from oxygenic photosynthetic microbes to an electrode remains very low when compared with MFCs and photoMFCs. Current generated by substrate oxidation over the total number of electrons available in the substrate (e.g. acetate) has been reported to be near 100% for G. sulfurreducens in MFCs and 40-50% for Rh. palustris in photoMFCs. 55, 83 In comparison, current produced by oxygenic photosynthetic microbes in BPVs, which use H 2 O as a substrate, was calculated to be less than 0.5% of the total number of electrons generated by water oxidation on the basis of data reported for Phormidium spp. 111 If BPVs of the future are to function (i) without AEMs and (ii) produce useful power outputs, then the natural electron export processes must be understood and improved. 71 We will now consider electron export processes in BPVs. The discussion will be limited to cyanobacteria, which are currently the most well characterised microbes in cellular BPV systems.
We will summarise what is known about the intracellular electron transfer pathways in cyanobacteria that contribute to unassisted exoelectrogenic activity, and discuss possible mechanisms of electron export from the organism to extracellular acceptor.
The molecular basis of exoelectrogenic activity in cyanobacteria
Cyanobacteria have a Gram-negative structure of cytoplasmic membrane, cell wall, and outer membrane, plus (with the exception of Gloeobacter) multiple thylakoid membranes stacked in the cytoplasm. 138 In cyanobacteria, the thylakoid membranes are the main site of energy production, containing both photosynthetic and respiratory electron transfer chain components, whilst the cytoplasmic membrane contains an abbreviated respiratory electron transfer chain. 110 Whilst proteins can probably be trafficked between the thylakoid and cytoplasmic membrane systems, 139 the overall connectivity of the two is very limited; 140 consequently the plastoquinone pools in each system are widely regarded as being distinct from one another. Fig. 6 shows the consensus opinion of the distribution of electron transfer components within the membranes of Synechocystis. 110 It is clear that cyanobacteria have an electron transfer network that is adapted for light harvesting, but not for exoelectrogenesis. The photosynthetic machinery is located in internal membranes that can be stacked to maximize the light harvesting capacity of the cell, but this separates electron generation from electron export. In addition, many terminal electron sinks exist to protect the organism against high light and reductive stress. For example, the Flv2/4 system can oxidize PSII, 141, 142 and the respiratory terminal oxidase complexes can be used to oxidize the plastoquinone pool. [143] [144] [145] With respect to exoelectrogenic activity, however, these pathways can be considered as wasteful alternatives to electron export. 146 
Electron transfer inhibitors
Understanding which intracellular electron transfer pathways in cyanobacteria supply reducing equivalents for exoelectrogenic activity would greatly facilitate attempts at improving the current production from these organisms. The classic method of probing electron transfer pathways is to prevent reduction/ oxidation at a certain point, either using a chemical inhibitor to block or divert electron transfer, or by genetically manipulating the organism to remove a component of the pathway.
Early inhibitor investigations of cellular BPV systems demonstrated that when a current increase was observed upon illumination, this was mainly due to the activation of water photolysis at PSII, rather than photo-stimulation of another metabolic process feeding into exoelectrogenesis. The quinone analogue DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea) prevents oxidation of PSII by plastoquinone, 147 and addition of DCMU was shown to reduce drastically the photocurrent in a number of studies. 111, 113, 119 However, because most of these early studies used lipid-soluble AEMs to extract current from the cyanobacteria, they can only reveal the route electrons take from PSII to the point of mediator reduction.
A handful of studies have used chemical inhibitors to interrogate the intracellular electron transfer pathways that supply electrons to the outside of the cyanobacterial cytoplasmic membrane. Unfortunately, specic experimental conditions varied between all of these studies, but the results generally indicate that electrons generated by PSII that are destined for export leave the PETC at PSI. It may be noted that this model is consistent with the plastoquinone pools in the thylakoid and cytoplasmic membranes being separate; photosynthetic electrons must be transferred across the cytoplasm in order to reach the cytoplasmic membrane and be exported. If the plastoquinone pools were connected, they could provide a route for transfer of photosynthetic electrons from the thylakoid to the cytoplasmic membrane.
Experiments by Bombelli et al. 13 used [Fe(CN) 6 ] 3À (E m ¼ 430 mV at pH 7) as a lipid-insoluble AEM, the reduction of which can be followed electrochemically or spectroscopically. They observed that the light-stimulated increase in current output from Synechocystis was severely diminished when DCMU was added, showing that water photolysis is the source of the exported electrons. This conclusion is supported by more recent work from Cereda et al. 126 who used a mutant strain of Synechocystis lacking a functional PSII to show that the majority of photocurrent was derived from water. In the experiments of Bombelli et al., 13 a residual light effect remained aer DCMU treatment, which was hypothesized to be due to photoexcitation (by PSI) of electrons reaching PSI from the respiratory chain through the plastoquinone poolan observation that was consistent with ferredoxin (Fd) or NADPH (there is a fast exchange of electrons via ferredoxin:NADPH oxidoreductase in both directions) mediating intracellular electron transfer between the PETC and electron export components. In agreement with this idea, the light effect was completely abolished when methyl viologen (an acceptor of electrons from the reductive end of PSI) was added. Studies using mutant strains of Synechocystis also suggest Fd/NADPH is the substrate for [Fe(CN) 6 ] 3À reduction at the cytoplasmic membrane 146 (these results will be discussed in more detail later).
Craig et al. 148 also used [Fe(CN) 6 ] 3À to measure trans-cytoplasmic membrane electron transfer by Sy. elongatus cells that had been exposed to electron transfer inhibitors. However, these investigators did not observe a difference between light and dark conditions for untreated cells, suggesting that the Sy. elongatus [Fe(CN) 6 ] 3À reduction pathway is independent of the PETCthough the lack of an observed difference may possibly have been due to the relatively short incubation period of #2 h. Whilst the results of inhibitor assays by Craig et al. 148 cannot therefore be compared to those obtained using Synechocystis, the lack of a discernible light effect supports the idea that reducing equivalents are leaving the photosynthetic electron transfer chain and being stored prior to use for [Fe(CN) 6 ] 3À reduction (e.g. via NADPH and carbon xation).
Rather than using a soluble extracellular electron acceptor, Pisciotta et al. 149 investigated the effects of inhibitors on electron transfer from Lyngbya sp. or Nostoc sp. to polypyrrolecoated carbon electrodes. Those authors also used DCMU to show that PSII is the source of the photocurrent observed in this system, but concluded that electrons destined for electrode reduction leave the PETC from the plastoquinone pool, as an increase in current was observed when DBMIB (2,5-dibromo-3methyl-6-isopropylbenzoquinone) was used to block plastoquinone oxidation by the cytochrome b 6 f complex. However, DBMIB can act as a lipid-soluble mediator, which could explain its stimulatory effect on current output. 13 Excluding this result, the observations of Pisciotta et al. 149 are consistent with electrons leaving the PETC via PSI.
Metabolic mutants
The creation of deletion mutants is a more specic and complete method of inactivating electron transfer components than using chemical inhibitors. As mentioned earlier, cyanobacterial metabolism is not adapted for exoelectrogenic activity, and a number of mechanisms exist for the dissipation of reductive stress. In addition to being used to probe the intracellular electron transfer pathway leading to electron export, the production of metabolic mutants is an important rst step towards the creation of a cyanobacterial strain with a metabolism that is optimized for exoelectrogenesis.
Bradley et al. 146 were the rst to analyse the electrogenic activity of mutant strains of a cyanobacterium. Synechocystis possesses three respiratory terminal oxidase complexes (COX, Cyd and ARTO; see Fig. 6 ) for the reduction of O 2 . 145 Mutant strains lacking RTO (respiratory terminal oxidases) complexes are impaired in their ability to dissipate electrons from the plastoquinone pools, except via PSI when light is provided. Only slightly increased [Fe(CN) 6 ] 3À reduction rates were observed from the various RTO mutants compared to the wildtype in illuminated conditions, presumably because carbon xation was available as a sink for photosynthetic reducing power. 146 In dark conditions, however, mutants lacking both thylakoid RTOs (COX and Cyd) showed greatly increased [Fe(CN) 6 ] 3À reduction rates, while the triple RTO deletion mutant had the greatest increase: a 23-fold higher [Fe(CN) 6 ] 3À reduction rate than the wild-type when normalized for cell density. These observations are again consistent with Fd/NADPH supplying the 'ferricyanide reductase' activity in Synechocystis, as NADPH generated by metabolite oxidation cannot be oxidized by NDH-1 when the plastoquinone pool is reduced. Furthermore, the intensively studied M55 mutant of Synechocystis (DndhB), which lacks a functional NDH-1 complex and consequently has an extremely high NADPH : NADP + ratio, had the highest [Fe(CN) 6 ] 3À reduction rate of the strains tested. 146, 150, 151 As would be expected, RTO mutants produced higher power densities than the wild-type strain when they were employed in a BPV device. 146 It was also demonstrated that the triple RTO deletion mutant out-performed the wild-type when utilized to provide reducing equivalents for cathodic H 2 production. 123 
Electron export
Whilst inhibitor and mutant studies have yielded useful information about metabolic pathways that feed cyanobacterial electrogenic activity, the question of how electrons are exported to the periplasmic space or beyond remains unresolved. Reports of electron excretion by photosynthetic organisms are sometimes accompanied by suggestions that this activity allows for the dissipation of excess reducing equivalents e.g. under high light conditions. 126, 149, 152 Given the extremely low current output from photosynthetic organisms compared to true "electricigens" (e.g. Geobacter spp.), it is unlikely that cyanobacteria possess a specic electron export mechanism for reducing extracellular electron sinksthough a report of conductive extracellular appendages produced by Synechocystis will be examined below. We suggest that the observed current is most likely due to 'leakage' from another redox process, such as assimilatory metal reduction, or oxidation of excreted compounds, though no denite mechanism has yet been identied.
Nanowires from Synechocystis? Gorby et al. 36 originally reported the presence of conductive 'nanowire' appendages in cultures of S. oneidensis MR-1 and other Gram-negative bacteria, including Synechocystishowever, this remains the only paper to present evidence that a high-capacity electron export system might exist in cyanobacteria. Do the observations of Gorby et al. 36 t with what is known about the Geobacter spp. and S. oneidensis nanowire paradigms?
The 100-150 nm thick laments observed by Gorby et al. 36 are not consistent with individual type IV pili; electron micrographs of Synechocystis type IV pili show they are 6-8 nm thick. 153 A possible explanation is that these appendages may be bundles of 'thin' pili. 154 Gorby et al. 36 also noted that aggregates of Synechocystis formed when they cultured the cells under the low CO 2 conditions that induced 'nanowire' formation, a behaviour which has been associated with bundling of pili. 155 It is also possible that the observed structures are membrane extensions, similar to those recently described by Pirbadian et al., 68 though this explanation still requires an accompanying hypothesis to explain the observed conductive properties of the Synechocystis structures. No extracellular cytochromes are predicted from the Synechocystis genome sequence, and, according to the model of Schultze et al. 110 (i.e. Fig. 6 ), no c-type cytochromes are present in the cytoplasmic membrane or periplasm. 110, 156 This contrasts with the fact that extracellular cytochromes are required for the S. oneidensis MR-1 extracellular laments to be conductive. 36, 157 In fact, to the best of our knowledge, all currently described direct-contact exoelectrogenic mechanisms employ c-type cytochromes at and/or beyond the outer surface of the organism. 53, 158, 159 Further experimentation is required to conrm the observations of conductive extracellular structures produced by Synechocystis, and to demonstrate their role in electron export. Without additional evidence, it seems more likely that cyanobacteria do not possess a DEET mechanism.
Assimilatory metal reduction. What other processes could be responsible for the current excretion observed in cyanobacteria? With regard to [Fe(CN) 6 ] 3À reduction, we suggest that assimilatory ferric reductase activity is the most likely candidate.
Kranzler et al. 160 have presented evidence that the cytoplasmic membrane-localised alternative respiratory terminal oxidase (ARTO) complex has a role in assimilatory Fe(III) reduction in Synechocystis. A mutant strain lacking ARTO reduced Fe(III) EDTA more slowly than the wild-type, though further investigations are required to determine whether ARTO is directly or indirectly (i.e. by facilitating turnover of the cytoplasmic membrane plastoquinone pool) involved in the electron transfer process, and whether this activity is responsible for electron export to an electrode. Experiments conducted by Bradley et al. 146 using mutant strains of Synechocystis with [Fe(CN) 6 ] 3À as the electron acceptor at the cell surface found that deletion of ARTO improved exoelectrogenic activity, suggesting that a different electron export pathway is used for reduction of this form of Fe(III). The ferric reductase enzymes that have been described in algae and plants t the description of an electron export protein that utilizes NADPH as a substrate and could reduce [Fe(CN) 6 ] 3À , but homologues of these proteins are not present in Synechocystis. 161, 162 Instead, a homologue of a ferric reductase from the nitrogen-xing, root nodule colonizing bacterium Bradyrhizobium japonicum looks to be the most promising candidate for a ferricyanide reductase in Synechocystis. 163 Endogenous mediators. The identication of a cytoplasmic membrane-localised reductase would only partially explain cyanobacterial electrogenic activity, as reduction of an electrode by a pure photoautotrophic culture without addition of AEMs is possible. 15, 124 Therefore a mechanism for electron transfer from cytoplasmic membrane to extracellular acceptor must exist, presumably via EEM compounds. These EEMs may also be responsible for electron transfer across the cytoplasmic membrane. Alternatively, oxidisable molecules could be excreted by the organism.
A number of bacteria use EEMs to shuttle electrons to an extracellular acceptor, the three best-described classes being phenazines, avins and quinones. 47, 48, [164] [165] [166] Phenazine biosynthesis genes are not present in cyanobacteria, 167 and whilst avin and quinone molecules are produced by cyanobacteria for intracellular electron transfer processes, there is no evidence to suggest that they are synthesized (or actively excreted) for the purpose of extracellular electron transfer. Cyclic voltammetry of cyanobacterial cultures does not reveal detectable redox peaks, 168 and no homologue of the S. oneidensis MR-1 avin adenine dinucleotide exporter exists in the majority of sequenced cyanobacteria. 64 It is, however, conceivable that the modest concentrations of avin or quinone required to transfer the small amount of current observed from cyanobacteria might accumulate in a culture, for example through lysis of dead cells. In addition to factors such as culture growth, the build-up of redox-active compounds in the medium might partially account for the increase in current production observed over time in some systems. 15 The idea that electrons might be transferred by excreted oxidisable substrates is also speculative. Production of molecular H 2 has been suggested as a possible mechanism for electrode reduction by cyanobacteria, 51 but this explanation is inconsistent with the sustained current output observed in oxygenic conditions, 15 where the hydrogenase would be expected to be rendered inactive. Cyanobacteria are known to produce organic exudates, 169 but so far no studies have looked into whether enough oxidisable molecules are excreted to explain the observed current, or whether species that could act as mediators are produced. Another possibility is the production of reactive O 2 species. Rose et al. 170 have described the use of superoxide for Fe(III) reduction and acquisition by the lamentous cyanobacterium Lyngbya majuscula. The avoprotein inhibitor diphenyleneiodonium chloride was used in the same study to show that electrons for superoxide production were supplied by NAD(P)H, though the specic enzyme responsible was not identied. Superoxide-producing NADPH oxidases have been described in green algae (e.g. C. reinhardtii Respiratory Burst Oxidase-Like proteins). 171 Recent work has shown that the plasma membrane-localised NADPH oxidase RBO1 is a signicant component of light-dependent electron export in BPVs using C. reinhardtii. 130 However, no homologues are present in most sequenced cyanobacteria, including Synechocystis.
Achievable power outputs for BPVs
What advantages can light-dependent BESs (i.e. photoMFCs and BPVs) offer over abiotic photovoltaic cells and other agri/algaculture-based photobiological technologies (e.g. cropand algal-based biomass/biofuel production)? Compared to abiotic systems, where expensive processing is required (e.g. generation of crystalline and amorphous semiconductive junctions), light-dependent BESs use living biological components that are relatively cheap to produce and are capable of selfrepair and reproduction. In contrast to agri/algaculture approaches, light-dependent BESs are able to deliver power with no need for downstream processing (e.g. harvesting, transportation and digestion). Light-dependent BESs can also be coupled with agri/algaculture to produce multiple products with the same land area (e.g. seed, biomass and electrical power). Such congurations could also be used to reduce the generation of methane gas associated with crop production. 172, 173 Nevertheless, the present power outputs reported for light-dependent BESs remain too low to produce energy on a commercial scale at a competitive price.
Achievable current and power outputs for optimised lightdependent BESs have been examined previously, but only for complex photoMFC systems. 9, 18 Malik et al. 18 estimated the maximum achievable current output for a mixed culture-based complex photoMFC to be 20 000 mA m À2 , based on the diffusion limit of O 2 to the cathode. Given the reported cell voltage at peak power (150 mV), the maximum achievable power output in their system could be as high as 3000 mW m À2 . 18 A more indepth analysis was performed by Strik et al. 9 using plant-based complex photoMFCs. Strik et al. 9 hypothesised that an ideal device would use a C 3 plant with a photosynthetic efficiency (i.e. light energy into chemical energy as biomass) close to the theoretical maximum (5%), and which would transport the majority of xed carbon to the rhizosphere (70%), with an energy recovery of 60% from these carbon compounds by the photoMFC system. Assuming a constant solar radiation at ground level (SRG) of 150 000 mW m À2 as the energy input (i.e. the average SRG of Western Europe), power outputs of 3200 mW m À2 would be achievable.
Using a similar approach to that taken by Strik et al. 9 with plant-based systems, we have estimated an achievable current and power output range for BPVs (ESI Table 2 †). Here, our system is a mediatorless BPV device using cyanobacteria as the light harvesting biomaterial. The microbes are assumed to form a three-dimensional biolm within a porous transparent anode. The system would operate using light as the sole energy source (i.e. no added organic carbon), with no additional bias potential or anodic/cathodic gas supply/purge.
The SRG inputs used here are based on two city locations in the northern hemisphere: Oslo in the far north (60 N, 103 000 mW m À2 ) and Riyadh near the equator (25 N, 263 000 mW m À2 ) (as given by the SolarGIS (http://solargis.info/)). At the midpoint wavelength of the photosynthetic active radiation (PAR) range (370-750 nm), 75 560 nm, the average light photon ux in Oslo and Riyadh is 481 and 1228 mE m À2 s À1 , respectively. The light reactions of photosynthesis can only utilise PARroughly 50% of the available solar light. 75 The light reactions also do not perfectly absorb PAR, which typically limits maximum interception to approximately 90% for cyanobacteria. 174 The linear PETC has a theoretical requirement of four moles of photons for generating two moles of electrons for the reduction of one mole of NADP + to NADPH. 175 However, the photochemical conversion efficiency of light energy into reducing equivalents is typically lower than 100%; a more conservative estimation suggests ve photons per NADPH. 75 NADPH (and ATP) generated by the light reactions of photosynthesis is then available to the vast complexity of electron sinks within cellular metabolism (e.g. carbon/nitrogen/ metal assimilation; respiration, lipid metabolism, transport processes, secondary metabolite synthesis). 176 Accounting precisely for all of these potential electron losses is not presently possible. Nevertheless, only a small fraction is considered essential for basic cellular upkeep. Glazier 177 estimated that only 2-3% of the xed carbon stored is used for supporting basal metabolism in unicellular species. For simplicity, here we have assessed two different scenarios. In the rst scenario, one third (33%) of electrons generated by the photosynthetic light reactions are inexorably lost to other cellular metabolic processes. This assumption is conservative and is likely to exceed the metabolic losses that actually happen. In a second, more optimistic scenario only 3% of electrons generated by the photosynthetic light reactions are utilised by cellular metabolism. 177 Finally, electrons must be transferred to an external circuit. MFC studies have reported conversion efficiencies ranging from 60 to 95% for electron transfer from organic fuels (e.g. acetate) to electrical current. 55, [178] [179] [180] Here, we have assumed these values as lower and upper limits of the remaining electrons available for export. Taking into account the combined sum of losses Tables 2-7 . † outlined previously, we can estimate a current output ranging from 3400 to 24 600 mA m À2 .
Calculating the power output requires further assumptions of circuit potential. The maximum achievable voltage depends partly on the redox potential difference between the oxidation of the electron donor at the anode and the reduction of the electron acceptor at the cathode. Additionally, there are several potential energy losses that can take place in a BES systemfor review see Logan et al. 24 In practice, the maximum potential (i.e. the open circuit potential) reported for MFCs is 500-800 mV (ref. 30 and 181) and for light-dependent BESs is 500-700 mV. 87, 182 At peak power, Xie et al. 121 demonstrated a drop in potential to 315 mV using a BPV system operated with cyanobacteria. A more conservative estimate (213 mV) was calculated based on the average potentials at peak power reported in 26 BPV studies (ESI Table 1 †). The resulting achievable power outputs range from 700 to 7700 mW m À2 , (at 3400-24 600 mA m À2 ), which represents 0.7-2.9% of the initial power input (ESI Table 2 and Fig. 2 †) .
These estimates compares well with achievable energy gains from plant MFCs 9,102 (Fig. 7) . Nevertheless, power outputs of the best present BPV systems achieve only a fraction of this estimate (ca. 86 mW m À2 ), indicating that signicant improvements are possibleand indeed necessary if this technology is to be of interest outside of the laboratory. A direct comparison with photobiological and photovoltaic technologies (i.e. crop/algal biofuels and PVs, respectively) underlines this weakness. Although the power outputs of present BPVs are comparable to those from photobiological bio-diesel, bio-gas, bio-ethanol or biomass production (ESI Tables 3-6 †) , the gap with recently built solar power stations (ca. 6000 mW m À2 ) (ESI Table 7 †) is substantially larger (ca. 70-fold). BPVs with improved performances will be a valuable addition to the portfolio of renewable solar technologies, and could be useful for generating electrical power in locations less suited to PVs (e.g. ESI Fig. 3 † illustrates a potential future scenario for a marine BPV power station).
The appealing possibility of solar to electrical energy by BPV systems at close to the 2.9% conversion efficiency calculated here will rst and foremost require engineering of the biological material to allow more effective electron export. The current development of tools for synthetic biology (both in general and specically for cyanobacteria 183, 184 ) will be invaluable to this process. Subsequent changes to the intracellular electron uxes can then be made through rational redirection of reducing equivalents away from competing sinks, 146 combined with adaptive evolution to an anodophilic lifestyle. The aim of these changes would be to transmute the organism from a photoautotroph that rarely gains from electron export, to a photo-electricigen that is practically dependent on an extracellular electron sink for survival.
Improvements in the design of the physical BPV device are also required, as considerations specic to photoautotrophic organisms must be taken into account. These improvements might include: optimisation of the anode and cathode to maximise their surface area whilst minimising total geometrical surface area of the device and diffusion distances, enhancement of total light absorption and subsequent distribution to the photocatalytic material, channelling photosynthetic oxygen away from the anode, generation of biomass or valuable coproducts, and tuning the properties of the aqueous media (e.g. pH, salinity) to suit the biological material whilst minimising internal resistance.
BPV systems offer the prospect of an inexpensive light energy capture technology, which comes with the added benets of being carbon-neutral to produce and run (or possibly even carbon-negative if biomass is harvested and sequestered), and having an inherent ability to store energy. Whilst the efficiencies measured for state of the art BPV systems are far below the theoretical maximum, for the rst time in the development of this technology signicant steps have been taken to understand and identify the bottlenecks, and new experimental strategies developed to overcome them. We hope the development of BPV technology will provide another valuable tool for the global switch away from carbon-intensive primary energy production. 
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